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The phenomenon of simultaneous compositional disordering and the formation of electrical
.'>.:.:"'"' resistive layers induced by oxygen implantation in lnGaAs/lnP superlattices has been

A- i investigated. The disordering characteristics have been studied as a function of implantation
"temperature and ion dose. It was found that implantation at elevated temperatures (referred to
as the IM or ion mixing process) usually leads to much more efficient disordering compared to
implantation at room temperature followed by annealing at the same elevated temperature -
(referred to as the implantation plus annealing process). Of particular interest is the observation
that ion mixing at 550 "C with ! X 10's O+/cm2 leads to significantly more disordering than
implantation with the same dose at room temperature followed by annealing at 550 *C for the
same period of ion mixing time. In addition, the electrical resistance of the ion-mixed layer at
550"C increases 2600 times for the p-type InGaAs/InP superlattice structure, whereas the
sample implanted at room temperature and annealed at 550 *C showed only a 20 times increase Zodes
in electrical resistance. These results indicate a distinct advantage for the IM process in
"achieving simultaneous compositional disordering and electricrA! isolation for optoelectronic or
applications.

I. INTRODUCTION and has a significant atomic mass (compared to H and He)
to induce ion mixing and yet light enough (compared to

SCompositional disordering of III-V ompound super'- Fe) to have a deep ion range into the material using a 200
lattice structures has received considerable attention re- kV implanter. We have previously reported that ion mixing
cently due to its potential application for photonic devices.' with Ar ions is useful in fabricating planar waveguides in
A commonly used method to induce compositional disor- InGaAs/InP quantum well structures. In this work, our
deriog in a layered structure is to implant a moderate dose objectives are to study the ion mixing phenomena in
( - 10'5 /cm2) of shallow dopant ions (e.g., Si for n-type InGaAs/InP superlattice structures for simultaneous com-
and Zn for p-type) into the structure at room temperature, positional disordering and the formation of highly resistive
followed by a high-temperature annealing step [this pro- regions. The IA process will also be investigated for these
cess is referred to as implantation plus annealing (IA) effects in comparison with the IM process.

* here]. 2-15 Ion irradiation at room temperature alone with
light mass ions (e.g.,'O, Si, or Ar) does not cause signifi-S.cant intermixing of layers; the subsequent high-.
temperature annealing is needed to cause disordering and The InGaAs/InP superlattice structures investigated

:.i. .~ the annealing-of implantation damage, but this step tends here were grown by low pressure metalorganic chemical
to restrict device processing flexibility. Ion mixing (IM) is vapor deposition (LP-MOCVD) which has been described
capable of enhancing compositional disordering of layers at elsewhere. 19 Nominally lattice-matched In0o53Ga0.47As/InP
a rate which increases exponentially with the ion irradia- superlattices consisting of 50 periods of 20A InGaAs wells
tion temperature above a critical temperature. The critical and 80 A InP barriers were grown on undoped and semi-
temperature, T, is system dependent for III-V superlattice insulating InP substrates. Undoped and Zn doped p-type
structures. 16 As a processing technique to planarize de- 20 A/80 A superlattice structures were grown with the top
vices, ion mixing appears to be an attractive technology, layer being a 200-A-thick InGaAs layer.

In optoelectronics and electronics, device isolation is Ion implantations were performed at temperatures
an important issue. Highly resistive regions can be created ranging from LN 2 to 550 *C. Oxygen ions were chosen for
by implanting H, He, 0, Cr, and Fe ions into the III-V ion mixing in order to simultaneously achieve composi-
material of interest.t7 For p-type InGaAs/InP superlat- tional disordering and electrical isolation of p-type super-
tices, it appears that oxygen ions may be a good choice for lattices. Oxygen ions (0) were implanted into the super-
simultaneous compositional disordering and the creation of lattice structures at an energy of 180 keV and an incident
highly resistive regions using the ion mixing process. This angle of 7* with respect to the sample surface normal. For
is based on the consideration that o .ygen is a deep donor each implant, half the sample was shielded from the ion

beam to allow the monitoring of any thermally induced

"Also with the Naval Command, Control and Ocean Surveillance Center, changes to the as-grown superlattice. Penetration depths of

RDT&E Division, San Diego. CA 92152. R,,=3650 A, ARP= 1380 A, are projected from this O0
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tii planiathioin Imrisplantation doscs ianegig frorm S- I() -.

cimI to 5 .< 104 /cmn, were used. To maximize thermal con-
ductivity between the samples and the sample stage, the
samples were mounted on the heating and cooling stage h
kith indium For the 550"C annealing, samples implanted H

at low temperatures were mounted on the heating stage but
shielded from the ion beam while the ion mixing was di- U
rectly performed at 550 "C on another sample so that the
annealing and ion mixing conditions were very similar. The V)

650 *C annealings were carried out in a rapid thermal an- rn 6

nealing system with samples facing a Si substrate in a flow- . (b)

ing forming gas ( 15% H 2, 85% N 2) ambient. The samples C
were examined using x-ray diffraction, photoluminescence o

(PL), absorption, and surface resistance measurements. U, 4 (c)

0
III. RESULTS AND DISCUSSION -(

The temperature dependence of the ion mixing behav- 2
ior of the InGaAs/InP material system has been investi- -e)

gated. The InGaAs (20 A)/InP (80 A) superlattice struc-
tures was implanted with IX 103 o0+/cm 2 at four different
temperatures; LN 2, room temperature (RT), 200 TC, and
550 *C. This implantation dose was determined to be suf- -105-1.0 -0.5 0.0 0.5 1.0 1.5
ficient for nearly complete compositional disordering Relative Angle (Deg)
within the resolution limits of the x-ray diffraction mea-
surement. The integration time was 5 s with the Bartels
x-ray diffractometer.20 For direct comparison, the samples FIG. I. X-ray rocking curves for a 50 period lnoj3Gae47As (20 A&)/InP

implanted at LN2, RT, and 200 "C were annealed at 550 "C (o0 A) superlattice before (a) and with IX lto' O+ cm2 ions at ISO keV

for 8 min which corresponded to the 550 'C implant dura- at (b) LN 2 temperature, (c) room temperature, (d) 200"C, and (e)
550 T. Samples b, c, and d were annealed at 550 C for 8 min after ion

tion. X-ray rocking curves (XRCs) were used to measure irradiation. The annealing time was the same as the implantation time for

the degree of disordering exhibited by each sample. The sample e which was implanted at 550 C. The XRC indicated that sample

XRC for the as-grown superlattice structure is shown in e was more disordered than all other samples. The (400) reflection was

Fig. 1 (a). Well-resolved satellite peaks indicative of high- used here.

00 :quality epitaxial growth are present. The sharp peak at 0V is
the InP substrate peak and the zero order peak of the The temperature dependence of Ar ion mixing for the
superlattice is slightly lattice mismatched. XRCs of the InGaAs/InP system is shown in Fig. 2. The mixing rate is
four implanted samples are shown in Figs. 1 (b)-l (e). It is taken to be the term KD shown in Eq. (1) and is plotted
here found that the 550 TC implanted sample shown in Fig. in Fig. 2 with arbitrary units. It can lie seen that ion mixing
S1(e) does exhibit the lowest satellite peak levels. It is dif- rates are quite temperature independent below the critical
ficult to quantitatively measure the degree. of mixing al- temperature, T, of about 185 "C and the rates increase
though the 550 C implanted sample definitely shows the exponentially above T, with an activation energy of about
most mixing while the 200 TC implanted sample shown in 0.24 eV. While the temperature dependent behavior of
Fig. I (d) displays the least mixing. These results are not mixing shown in Fig. 2 was obtained for Ar ions, the gen-
surprising and will now be discussed. eral characteristics of this behavior remain relatively un-

It has previously been shown that the ion mixing pro- changed for oxygen and other ions with a significant
cess is a diffusion-like process where the ion dose, 0, can be mass.16,21 Based on the much enhanced mixing rates in the
considered to be equivalent to the diffusion time, t, in dif- thermally activated regime of ion mixing and that shallow
fusion.16 In this case, the decay of the normalized x-ray dopant atoms are not needed for efficient mixing, it was
intensity is related to an effective diffusion coefficient for deemed possible to achieve simultaneous compositional
ion mixing by the following equation:16 disordering and the formation of highly resistive regions by

oxygen ion mixing at moderately elevated temperatures to
In()= --KD, (1) allow for a self-aligned process.

Referring back to the temperature dependent XRC re-
where 1o is the normalized intensity before mixing, I is the suits, implantation below Tv- 185 "C should result in sig-
normaliz-e intensity after mixing, K is a constant, and D is nificantly less disordering than that of high temperature
the effective diffusion coefficient. The conventional diffu- implants. Implantation below about 185 "C, where there is
sion length, (Dt)1/2, can be replaced by (DO)'/2. A plot of no thermal enhancement of the mixing process, the disor-
ln(I/10 ) vs #s yields a straight line with a slope propor- dering is relatively temperature independent. Mixing below
tional to the value of D at a given ion mixing temperature. T, is essentially due to the freezing-in or storing of defects

1307 J. Appi. Phys.. Vol. 72. No. 4. 15 August 1992 Pappe et al. 1307
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1.2 3 4FIG. 3. Photoluminescence spectra of a 50 period lnGaAs (20 A)/lnP
I O00/T (86 A) superlattice for (a) the as-grown sample, (b) the sample im-

planted with Ix 1i0 0+/cm
2 

at 550"C, (c) the sample implanted with

I X 10" O+/cmn at room temperature followed by annealing at 550 "C for

FIG. 2. Ion mixing rate vs lIT for InGaAs/InP samples implanted with 8mn and 650"C for 15 mmn and (d)the sample implanted with 5x 10"
:1:!!i] Ar+ (190 keV) ions. The solid symbols represent the net mixing rates, O+/cm2 at room temperature followed by annealing at 550"C for 8 mn

i.e., subtracting the rate below T, from that above T,. and 650"C for 15 mm.

Fig. 3(b) and displays the most PL energy shift while the
in the structure which can contribute to the mixing process sample implanted at 200 "C displays the least energy shift

under subsequent annealing. It follows that the more de- which is consistent with the XRC results of most and least
fects that can be stored in the structure, the more mixing mixed samples, respectively. The PL peak of the sample

can occur provided voids and clusters do not form due to implanted at 550 "C displays a FWHM linewidth of 32
over-implantation.22 One would expect more stored defects meV. The cause of the long wavelength side shoulder of
with decreasing implantation temperatures. The XRC re- this PL peak is not clear at this time. Assuming a fully
suits shown in Fig. I suggest that this is indeed the case as mixed alloy, Ino.9Gao.1Aso.2P03., an energy blue shift of 265
the LN 2 implant displays slightly more mixing than the RT meV is expected. From the PL measurement, this implies

implant which displays still more mixing than the 200 "C the sample implanted at 550 "C as well as the other im-
implant upon annealing at 550 *C. Implantation close to T, planted samples are not completely disordered. This is also
results in the least efficient mixing. At this temperature, consistent with the XRC results which showed measurable
both the high temperature IM advantages and the low tem- satellite peaks after implantation. As a result, subsequent
perature stored defect advantages are minimized. Further, annealing of the four implanted samples at 650 "C for 15
the XRC results imply that the 550 "C IM process does min was performed in an attempt to mix the samples fur-

have an advantage over the IA process with a post implant ther. After annealing at 650 "C, the PL -nergy shift of the
annealing temperature of 550 "C in terms of mixing effi- LN2, RT, and 550 "C implanted samples increased to 160,
ciency. 170, and 178 meV, respectively. A significant increase in

Low temperature PL has also been used to examine the the PL energy shift upon 650 °C annealing was found for
four oxygen implanted samples. The PL spectrum of the the samples implanted at RT and LN 2 temperature. This
as-grown superlattice taken at a sample temperature of was not the case for the sample implanted at 550 °C as the
-20 K is shown in Fig. 3(a). A multiline argon ion laser 650 "C post implantation annealing only increased the PL
with an estimated incident optical intensity of 0.5 W/cm2  energy shift by 3 meV. The sample implanted at 200 °C
was used to obtain this spectrum. The PL peak near 1.22 exhibited only a 130 meV PL energy shift with 650 °C

pm is due to the lowest order lnGaAs(20 A)/InP(80 ,A) annealing which further indicates the disadvantage of im-
superlattice transition and has a full width at half maxi- planting near T, Table I summarizes the actual PL energy
mum (FWHM) linewidth of 12 meV. PL spectra of the shifts incurred by each of the four implanted samples. The
four implanted samples were obtained and energy blue XRC results of the 650 'C annealed samples implanted at

shifts of 118, 124, 95, and 175 meV have been measured for LN 2, RT, 200 'C, and 550 °C were consistent with the PL
the samples implanted at LN 2, RT, 200 'C, and 550 'C, results and satellite peaks were still observable on each of
respectively. Again, the samples implanted at temperatures the four samples. Longer 650 'C anneals to 30 min of the
less than 550 'C have been annealed at 550 'C for 8 min four implanted samples resulted in no further PL energy
which corresponds to the 550 °C implant duration. The Pl. shifts.
spectrum of the sample implanted at 550 oC is shown in The disordering efficiency of both the IA and IM pro-

1308 J. Appi Phys. Vol 72. No 4. 1' August 1992 Pappert el al 1308



TABLE I Summary of PL energy shifts for a 50 period InGaAs(20 A)/lnP(80 A) superlaitice structure with various implarlalion and annealing

conditions.

Implant temperature
and dose

AnnealI X 1o I X lo 5X 1014 1 " I I X loll SX loll

conditions (OI/cm2 ) (LN,) (RT) (RT) (200'C) (550"C) (550"C)

Sample at 118 meV 124 meV 95 meV 175 rreV

550 C
for 8 min
Additional anneal 160 meV 170 meV 134 meV 130 meV 178 meV 195 meV
at 650 "C
for 15 min

"--. means no observable PL signal.

cesses at different implantation doses has also been inves- one desires this implantation process to modify the refrac-
tigated. Implants performed at RT and 550 "C at doses of tive index of the superlattice material as well as the con-
I x 1013 O+/cm2 and 5 X 1014 O+/cm2 were annealed for ductivity. The refractive index change due to implantation
15 min at 650 °C followed by PL and XRC measurements. can be deduced from the change in material absorption.
The PL data for the I X 1013 O+/cm 2 implants were given The absorption spectra of the as-grown superlattice and the
above where 170 and 178 meV PL energy shifts were ob- sample implanted at 550 C with 1 X 1013 O+/cm 2 are
tained for both the RT and 550 "C implanted samples, re- shown in Figs. 4(a) and 4(b), respectively. It is here seen
spectively. The PL spectra- for the samples implanted at that the absorption coefficient for the two curves differ
RT with IX 1013 O+/cm2 and 5X 10'4 O+/cm 2 and an- significantly only in the 1.0-1.4 Am optical wavelength
nealed at 650 *C are shown in Figs. 3(c) and 3(d), respec- range. Performing a Kramers-Kronig transformation 23 on
tively. A PL energy shift of only 134.meV with a FWHM the change in absorption coefficient spectrum, an index of
linewidth of 37 meV was obtained for the sample im- refraction change of approximately -0.07% or -2% is
planted at RT with 5 X 1014 O+/cm2 and subsequent incurred at an optical wavelength of 1.5 pm, an important

650 "C annealing. A PL energy shift of 195 meV with a wavelength for optoelectronic device applications. This re-
FWHM linewidth of 32 meV was obtained for the sample fractive index change is enough to cause latera! confine-
implanted at 550 C with 5 X 1014 O+/cm2 and subsequent ment and to produce optical channel waveguides with pla-
650 C annealing. These results compared to those ob- nar structures. Less index change was obtained for samples
tained for implants with 13 O÷/cm2 suggest that a implanted at LN 2, RT, and 200 C followed by annealing at
higher implantation dose does not always lead to more 550 C. These results further indicate the advantage of the
disordering in the case of IA. High implantation doses at IM process.
RT can lead to the formation of voids or clusters upon For integration and device compatibility issues, the
annealing which do not contribute to the mixing pro- electrical isolation properties of this implantation process
cesses.21 This is evidently the case here in that a lower are also important. Before and after implant resistance
implantation dose results in a larger PL energy shift and measurements were obtained on the samples implanted at
hence, more mixing. For the IA process, maximum disor- RT and 550"C with IX 10" O+/cm2 . The samples were
dering should be obtained for an implantation dose just processed as follows: ohmic metallization was deposited
below the dose required to form voids upon annealing. For
the IM process, higher implantation doses should lead to
larger PL energy shifts and hence, more mixing. Voids and
clusters are not expected to form readily under high tem- • 2.0

perature implantation which should result in more mixing Cl
CLas implied by Eq. (1). This is indeed the case as the sample 6 1.5

implanted at 550 "C with 5 X 1014 O+/cm2 followed by an- _ (a)
nealing at 650 "C for 15 min displays a 17 meV larger PL
energy shift as that observed for the sample implanted with_ .
Ix 1013 O+/cm2 followed by annealing at 650"C for 15 0

0 
5min (see Table 1). An XRC measurement of the sample c 0.5 (b)

implanted at 550 "C with 5X 1014 O+/cm2 followed by a 15 "=
min 650 "C anneal showed no observable satellite peaks. , 0.0
This is consistent with the PL result of more mixing for . 1.0 1.1 1.2 1.3 1.4

this sample compared to that of the sample implanted at Wavelength (pam)
550 "C with I X l013 0O/cm 2 followed by a 650 "C anneal
for 15 min (see Table I). FIG. 4. Absorption spectrum of a 50 period InGaAs(20 A)/InP(80 A)

To be most useful in optoelectronic device technology, superlattice without (a) and with (b) I× 10o" 0'/cm2 550"C implant

1309 J. Appl Phys. Vol. 72, No. 4. 15 August 1992 Pappert et al 1309



100 A HI
followed by wave optoelectronic devices to be produced. Fabrication of
330o A Au gut.ded-wave InP based devices using ion-mixing induced

photoresiSt compositional disordering techniques are in progress in our
laboratory and will be reported at a later time.

soo A w .. IV. CONCLUSION
300 A AuZn

Compositional disordering of p-type InGaAs/InP su-
50 period s.i. InP s.I. InP perlattices using oxygen ion implantation has been investi-p-type susrtsusre

ln+a+siinP t substrate substrate gated. Both elevated temperature implantation (IM) and
(a) (b) room temperature implantation followed by annealing

(IA) have been studied by XRC, PL, and surface resis-
tance measurements. It has been shown that oxygen is a

2, .•1  good candidate for ion mixing of InGaAs/InP superlat-
0. 52  tices to promote layer intermixing and provide isolation.

2pm The results indicate that the 550 *C IM process is far su-

perior to the 550 *C IA process in terms of both mixing

s.i. laP s.i Inp efficiency and device isolation properties. The results fur-
substrate susrate ther suggest that the 550 C IM process is useful in devel-

(c) (d) oping a self-aligned device fabrication process. For process-
ing other than at 550 C, IM followed by additional
annealing is still superior to IA followed by additional an-

FIG. 5. Metallization processig steps used in preparing the 50 period nealing due to the lower tendency to form voids upon im-
*!!:iiiiI . InGaAs (20 A)/lnP(80 A) p-type supemlattice for ion implantation and plantation at elevated temperature. In summary, our re-

subsequent resistance measurements. The steps include (a) metal depo-
sition for ohmic contact (AuZn) and diffusion barrier (W) followed by sults suggest that for the case of p-type InGaAs/InP
photolithography, (b) metal deposition for adhesion (Hf) and ion mask superlattices, oxygen ion mixing is a valuable tool for pro-
(Au), (c) liftoff of the photoresist, and (d) chemical etching of the W ducing compositionally disordered and highly resistance
and AuZn larer, layers.
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